Abstract
Introduction
Tomographic techniques have been widely accepted as a valuable tool for process control and monitoring. Electrical Capacitance Tomography (ECT) offers some advantages over other tomography modalities, such as no radiation, rapid response, lowcost, being non-intrusive and non-invasive. ECT is aimed at visualizing the permittivity distribution in the interior of an enclosed environment by means of external capacitance measurements [1] [2] .
The classic ECT is to reconstruct a 2D image of a process cross section. Recently, 3D ECT has gained interest because of most processes taking place in 3D space. 3D ECT can be achieved in tow ways. The first (called 2.5D) is to use a few independent 2D images and to interpolate them into a 3D image. This method has been widely used in medical applications of tomography for many years already. The second method is direct 3D reconstruction, where sensor provides 3D measurements and a 3D image is directly obtained during the reconstruction process [3] [4] [5] [6] . A direct 3D ECT sensor usually has at least two-plane measuring electrodes in axial direction. For a fixed number of electrodes, the increase of planes is countered by a decrease in radial resolution. In some publications, 3D ECT is also called electrical capacitance volume tomography (ECVT) [3] [4] 7] due to the fact that it can realize volumetric imaging.
The design of an ECT system based on LabVIEW is given in this paper. Equipped with a classic ECT sensor or a direct 3D ECT sensor, it can work in 2D reconstruction mode or direct 3D reconstruction mode. 
Composition of an ECT system
Usually, an ECT system consists of three basic components: (1) a multi-electrode capacitance sensor surrounded by an earthed screen; (2) a data acquisition system, including capacitance measuring circuits and a data acquisition unit and (3) an image computer for data processing, image reconstruction and image viewing, see Figure 1 . The data acquisition system acquires the capacitance data between any electrode pairs and feed them into the computer. The computer reconstructs the permittivity distribution in the sensing region of the sensor from these data by using a reconstruction algorithm, and displays the distribution on the computer screen.
In a complete measurement cycle, a excitation potential is first supplied to electrode 1 (which is referred to as the source electrode) and the capacitances between 1 and 2, 1 and 3, …, and 1 and L (L is the number of electrodes) are measured. Next, electrode 2 is the source electrode and the capacitances between 2 and 3, 2 and 4, …, and 2 and L are measured. This process continues until electrode L-1 is the source electrode, and the capacitance between L-1 and L are measured [8] [9] . In this way, a total of independent capacitance measurements are produced in a cycle. Figure 2 and Figure 3 give the structure diagrams of the classic ECT sensor and the direct 3D ECT sensor used in our ECT system based on LabVIEW. Both sensors have 12 electrodes mounted symmetrically on the outside of an insulating pipe, and give 66 (L=12, M=66) independent capacitance measurements. The difference between the two sensors lies in electrode size and electrode layout. The electrodes of the direct 3D ECT sensor are short wide, arranged in three planes and every four electrodes on each plane are rotated 45 with reference to the previous one. In contrast, the electrodes of the classic ECT sensor are long narrow, arranged in the same plane.
In this paper, the data acquisition system takes C8051F700 MCU as the core to acquire capacitance data. C8051F700 integrated chip contains a capacitance sense subsystem (called CS0), whose core is a built-in 16-bit Capacitance to digital converter, see Figure 4 . CS0 uses the capacitance to digital converter to determine the capacitance on a port pin. CS0 can take measurements from different port pins using the its 32-channel analog multiplexer. CS0 is enabled only when the CS0EN bit (CS0CN) is set to 1. Otherwise CS0 is in a low-power shutdown state. CS0 can be configured to take measurements on one port pin or a group of port pins, using auto-scan. An accumulator can be configured to accumulate multiple conversions on an input channel. Interrupts can be generated when CS0 completes a conversion or when the measured value crosses a threshold defined in CS0THH:L. In order for a port pin to be measured by CS0, that port pin must be configured as an analog input. Configuring the input multiplexer to a port pin not configured as an analog input will cause the capacitive sense comparator to output incorrect measurements [10] . C8051F700 contains 32 capacitance input ports; each port can be connected with an electrode of the ECT sensor by a shielded cable. The measured capacitance value can be directly converted to 16-bit precision digital. In the working status, C8051F700 can select an electrode as the grounding electrode, and acquire the capacitance value between the grounding electrode and other electrodes all at once. After a selectable accumulation for de-noising, these data are fed into the PC through a USB to RS232 converter chip.
The electrical capacitance tomography system is designed based on Virtual Instrument Technology. LabVIEW, a graphical programming language, is chosen as the development environment for several reasons. It is a graphical rather than a text based programming language such as C or FORTRAN, allowing faster development. It allows the programming of complex functionality without knowledge of low-level routines: e.g., setting up a TCP/IP socket. Another argument is the fast execution of the complied code (comparable to C-code). Finally the program easily integrates with existing hardware and/or external code [11] [12] .
The program written in LabVIEW is called VI, it contains two parts: a front panel and a graphical data flow diagram [12] . A front panel (i.e., user interface) can both accept input from the user (sliders, knobs, values entered from the keyboard, push buttons, selector switches) and present output to the user (indicators, LEDs, graphs, strip charts, sounds). A LabVIEW program (called diagram) somewhat resembles the schematic for an electronic circuit. Wires represent variables that hold data. The various processes that act on these variables are represented by icons (small graphic objects that suggest the operation they perform). Graphical programming means that statements, variables and functions are represented by on-screen icons and 'wires', rather than by lines of text. In a LabVIEW program, execution is not controlled by the order in which the statements were written in the source code (line-oriented programming), but, rather, by the data that are generated (data flow oriented). For example, subroutines that use data originating from an A/D conversion board as input do not execute until the data have been acquired.
The front panel when the ECT system based on LabVIEW works in the 3D reconstruction mode is shown in Figure 5 . 
Outline of Computer Software
The computer software of the ECT system is developed in LabVIEW. Communication module and reconstruction module are the two main modules of the software.
The communication module implements the acquisition and storage of capacitance data by the control of C8051F700 MCU and the communication with C8051F700 MCU. The communication module controls the running state of the MCU by selecting the grounding plate, the method of MCU scan and data acquisition. The capacitance data is acquired from C8051F700 MCU through a serial port and displayed intuitively in the screen in histogram form. Besides the real-time display of capacitance data, current capacitance data can be stored in a data text file named by time at the user's request for subsequent data analysis and processing.
The reconstruction module completes the mesh generation, image reconstruction, image display and other functions. The reconstruction module generates a Cartesian coordinates array cluster of the node points of the permittivity mesh elements, calculates the permittivity values corresponding to the capacitance data acquired from the communication module by using a user-selected image reconstruction algorithm, converts the permittivity value of each pixel into the RGB color series, and display the reconstructed image by filling pixels with their color series. The sensitivity matrix, the empty/full pipe capacitance values, and the node coordinate values of pixels for the image reconstruction are imported into the program in the form of text file.
Before taking capacitance measurements, it is necessary to calibrate an ECT system, to obtain capacitance values when the sensor is completely filled with a low permittivity material and a high permittivity material, respectively. These values are used to normalize the measured data for image reconstruction.
During measurement, a set of data, which is called one frame measurement data, is transmitted from the data acquisition unit to the image computer as a matrix called Capacitance. Then matrix Capacitance is used to generate a matrix called Estimated Permittivity by using a certain reconstruction algorithm, e.g., the LBP algorithm [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Matrix Estimated Permittivity describes the 2D or 3D normalized permittivity distribution in the measured region. Its dimension is determined by the image resolution.
A continuous measurement process is to receive measurement results frame by frame and store them into a measurement data queue. In the meanwhile, using a certain reconstruction algorithm, a corresponding RGB color matrix for each frame is generated and stored into an image data queue. Both of the data queues are working as FIFO, which can keep the data in sequence for a pre-assigned period. Figure 6 shows the basic data processing flow during measurement. 
Serial Port Communication
In the designed the ECT system based on LabVIEW, the communication between the image computer and the MCU is conducted by series port communication. Serial communication program is written by using VISA node. VISA is a standard I/O API for instrumentation programming. [19] VISA can control GPIB, serial, USB, Ethernet, PXI, or VXI instruments, making the appropriate driver calls depending on the type of instrument you use so you do not have to learn instrument-specific communication protocol.
The serial communication program used in this paper is shown in Figure 7 . It implements serial communication as follows. First, initialize the serial port, that is, set serial port number, baud rate and other parameters by use 'VISA Configure Serial Port' for communication. Second, read and write the serial port, that is, according to the structure of data in the communication protocol, write control instruction into MCU by 'VISA Write' function to control the method of data acquisition; then read the data from MCU by 'VISA Read' function. Third, close the serial port, that is, close the serial port after the end of reading/writing serial port. 
Permittivity Reconstruction
When all the capacitance values for a complete frame are sampled, permittivity reconstruction is achieved by Permittivity Calculation subVI. [19] . To retrieve the dynamic material distribution within the sensing domain, the ECT systems remove the effect of background material by normalizing the raw capacitance data with the data measured in two special cases where the ECT sensor is full filled by the background material (low permittivity material with permittivity of  l) , and by the material being monitored (high permittivity material with permittivity of  h ). Suppose the corresponding capacitance values measured in these cases are l ij c and h ij c , respectively, the normalized capacitance can be expressed as: (1) where ij c represents the capacitance of electrode pair i-j resulting by the material distribution to be imaged. In the VI design, the normalization is realized by the Data Normalization subVI as shown in Figure 8 . The (i.e., C_l in Figure 8 ) and (i.e., C_h in Figure 8 ) are pre-loaded. In ECT, the relationship between the measured interelectrode capacitance and the permittivity distribution of the region to be reconstructed is nonlinear but, for simplicity, can be simplified to a linear form:
Figure 8. Diagram of Data Normalization subVI
Where,  is the normalized capacitance vector, g is the normalized permittivity vector, and S is the Jacobian matrix of normalized capacitance with respect to the normalized permittivity, i.e., the normalized sensitivity matrix. The normalized permittivity is often called normalized grey level, and g is often called grey vector too. The kth element of the normalized permittivity vector g is calculated as follows.
where k  represents the reconstructed permittivity of the kth element. The electrostatic field in ECT sensor is governed by Laplace's equation (assuming no free charge inside the screen) [8] [9] and the associated boundary conditions (the Dirichlet conditions, i.e., the known potentials of all the electrodes and the screen) imposed by the measurement technique. Since the permittivity distribution is very irregular, the finite element (FE) method [14] [15] [16] is used to obtain a numeric solution. That means the Jacobian matrix S, in other word, the sensitivity maps can be obtained by FE analysis. Subdividing the image domain into N elements, the sensitivity of kth element of electrode pair i-j can be written as [14] : (4) where () The sensitivity matrix S in can be written as:
In past years, various image reconstruction algorithms have been introduced for ECT image reconstruction [19] . At present, however, the LBP algorithm is still widely used for on-line image reconstruction because of its simplicity. Using LBP algorithm, the normalized permittivity vector can be calculated as follows: (6) where u is an M×1 identity vector, The division of the two vector S T  and S T u is defined as one numerator component being divided by the corresponding denominator component.
In the VI design, the LBP algorithm is realized by the Permittivity Calculation subVI as shown in Figure 9 . The vector of normalized capacitance values (Norm Capacitance) is imported from the Data Normalization subVI. The Sensitivity Matrix (S) is pre-calculated and preloaded. The operation of matrix transpose, matrix multiplication, and numerical division in Equation (6) are realized by using the 2D Array Transpose, Matrix Multiplication, and number division modules as shown in Figure 9 .
(1) ( 2 ) ( ) Although the LBP algorithm is widely used for on-line imaging, it can only provide qualitative images since many low grey-level artifacts exist in its reconstruction images [9, 13, 17, 19, 20] . In order to improve the reconstruction quality, an optimal thresholding scheme is proposed in this paper which can reduce artifacts effectively. Basically, the optimal threshold is obtained by considering all possible thresholds and choosing the threshold which has the minimum error from the measured values. (8) where () k g represents the grey level of the kth element in the reconstruction image. The process of finding optimal threshold  is very fast with 100 discretized threshold. Experiments have suggested that following threshold operation can reduce low grey-level artifacts effectively. 
Image Generation in 2D Reconstruction Mode
When the permittivity distribution to be imaged is reconstructed, it is converted into an image representing the material permittivity distribution via Image Generation subVI. Figure 10 shows the block diagram of Image Generation subVI. The operation functions are built within a loop structure, the core of this subVI is the set of the mesh parameter attribute node of the reate Mesh subVI. In Figure 10 , following subVIs are used. The Create Mesh.vi generates a Cartesian coordinate array cluster of the node points of the permittivity mesh elements.The 288.vi produces an array of ordinal numbers, used to identify the order of the elements in the mesh. The Calculate Normal subVI is used to determine the normal vector array (NormalArray). It produces the vectors to be normal to the elements in the mesh; this should be uniform to avoid shading discrepancies. The Mesh Generation sub VI is used to generate the vertex array (VerArray). [19] [20] The Generate RGBA subVI is used to generate color array (ColorArry).
The Create Mesh.vi generates a Cartesian coordinate array cluster of the node points of the permittivity mesh elements. The 288.vi produces an array of ordinal numbers, used to identify the order of the elements in the mesh.
The Calculate Normal subVI is used to determine the normal vector array (NormalArray). It produces the vectors to be normal to the elements in the mesh; this should be uniform to avoid shading discrepancies.The Mesh Generation sub VI is used to generate the vertex array (VerArray). The Generate RGBA subVI is used to generate color array (ColorArry).
The Image Display subVI is used to operate on the output of the mesh parameter attribute node to set site, size, light source, display interface background and so on. After above operations are completed, an image that displays the distribution of permittivity in the measured domain is generated [19] . The locations of all pixels are prewritten into the file named Mesh coordinate.txt. These coordinates are imported into the LabVIEW program by the File Read block, and then converted into a 2-dimentional array, Mesh Element Array, which is readable by the Image Generation subVI. Figure 11 gives the diagram of Image Display subVI. The image variables created by the Image Generation subVI, including coordinates of the nodes as well as the color set for each pixels, are finally processed by the Image Display subVI to show the permittivity distribution on the screen. As shown in Figure 11 , a total of 6 Invoke Nodes are employed to combine the image variables into a data flow. The image variables are read via Invoke Node 1 and 2 as the drawable attributes in a 3D workspace. The Invoke Node 3 and 5 set up a ring in gray color to represent the dimension of the pipe container. The direction and diffuse color of the virtual light source are set by Invoke Node 4 and 6. The color map of the permittivity distribution is finally displayed by a Graphic Indicator in the front panel as shown in Figure 11 .
Figure 11. Diagram of Image Display subVI
In our system, the high material is displayed in red, while the low material is displayed in blue. The Perm2Color subVI converts the normalized permittivity value (i.e., the grey value) of each pixel into the RGB (Red, Green, Blue, 0~255) color series. To highlight the interface between the two different materials, the permittivity close to mid-point 0 .4 5 < ( ) 0 . 5 5 t k  g is displayed in yellow. The corresponding permittivity-to-color conversion can be expressed as: (10) (11) (12) After obtaining the RGBA color series, the normalized color series are written into the file named Normalized Color.txt. Figure 12 gives two examples of 2D image displays. Figure 12 . Examples of 2D image displays
Image Generation in 3D Reconstruction Mode
A very important step of the reconstruction process is to present reconstruction results and show them in a suitable and realistic form. The reconstruction result of direct 3D ECT is the 3D distribution of the material (permittivity). In this paper, slice planes are used to present the 3D distribution. Four cross-sections at different axial positions (z=constant) and a section obtained by x=0 and y=0 are used to illustrate the permittivity distribution reconstructed. Figure 5 shows the PC software interface, i.e., the front panel of the ECT system written in LabVIEW. The interface includes two parts: control unit and display unit. In the control unit, a user can set the communication parameters, the acquisition method and choose four cross-sections from thirteen circular cross-sections. The display unit is divided into two display areas: the circular cross-section display and the cross-axial section display. Four images are presented in the circular cross-section display area; each image can be any of the thirteen circular cross-sections. Through these slice planes, the 3D distribution of the permittivity reconstructed can be well shown. Figure 13 gives an example of the image displays for a 3D distribution. [18] The true 3D objects are given in the top of Figure 13 , and the slice images displayed in the front panel of the ECT system based on LabVIEW are given in the bottom of Figure 13 . 
Conclusion
Electrical capacitance tomography is one of the widely used techniques for monitoring the material distribution within an enclosed container. This paper presents the development of an electrical ECT system based on Virtual Instrument Technology. Since the system adopts LabVIEW as the software developing platform, takes C8051F700, a capacitive sensing mixed-signal MCU, as the core to acquire the capacitance data of all electrode pairs, the system developed is simple in structure, low in cost, good in industrial environment adaptation and easy in remote monitoring.
To obtain a large number of solutions from a relatively small number of measurements is inherently an undetermined problem. The selection of the number of pixels is a tradeoff. Defining more pixels make the solution more undetermined. While the use of too few pixels will result in coarse images. Further investigation is needed in order to determine the optimal number of pixels for a particular application.
